Measurements of the thermopower and of the thermal diffusivity and a detailed analysis of the structural features by temperature-dependent single-crystal structure determinations of silver ionconducting Ag 5 Te 1.8 Se 0.2 Cl and Ag 5 Te 1.6 Se 0.4 Cl were performed to investigate the interaction of silver ions in their disordered state. The substituted phases show an order/disorder phase transition at 273.3(2) and 302.5(2) K, respectively, accompanied by a drop of the thermal diffusivity and a minimum plateau of the thermopower right after the transition. Silver ions are arranged in welldefined strands along the crystallographic c axis characterized by a set of not fully occupied sites. 
Introduction
One of the most important problems to be solved in our society is an efficient energy conversion and storage [1, 2] . Thermoelectrics can deliver a significant contribution to this problem but they need to be improved and further developed [3] . Recently, a new concept for the improvement of thermopower has been proposed connecting thermoelectricity and modulation of the electronic structure of compounds by the generation or the use of low-dimensional attractive interactions in solids [4, 5] . Such a concept was found for Peierls-distorted polyanionic Te and polycationic In chains in the coinage metal polychalcogenide halide Ag 10 Te 4 Br 3 [5, 6] , and in In 4 Se 3−δ [4] . The Te chains in Ag 10 Te 4 Br 3 lead to a modulation of the electronic structure, resulting in a pnp-switch of the semiconducting properties and a huge drop of thermopower of about 1400 μV K −1 during a structural phase transition. The effective modulation is possible because the silver ion mobility, a common feature for silver halide containing chalcogenides like the title compound or compounds containing complex oxo an- [7 -9] , is effectively optimized. On the other hand, heavy chalcogenides (Se or Te) are excellent candidates for modulations due to their pronounced tendency to form primary and secondary attractive interactions [10] .
Recently, the occurrence of attractive d 10 -d 10 interactions has been proved by a thermoelectric characterization of Ag 5 Te 2 Cl in its silver ion disordered hightemperature α-polymorph. Significant variations of the thermoelectric properties like thermopower, thermal diffusivity and the thermoelectric figure of merit can be assigned to such oriented, low-dimensional interactions around the silver order/disorder phase transition [11, 12] .
Herein we will analyze the influence of the partial substitution of tellurium in Ag 5 Te 2 Cl by selenium on the thermoelectric performance of this class of compounds.
Results and Discussion
Trimorphic Ag 5 versible order/disorder transitions (β -α) at 303 (1) and 273(1) K, respectively [11] . In Fig. 1 a representative structure projection is given for each polymorph, and in Fig. 2 the silver distribution is denoted [12] and characterized by powder phase X-ray analyses and EDX measurements [13] . Phase-pure samples were used to verify the polymorphism of these compounds; effects observed in the differential scanning calorimetry measurements (DSC) are equal to the literature values [15] and lie at the onset temperatures of 273(1) and 303(1) K, respectively [12] . The endothermic effect representing the β -α phase transition is shifted to a lower temperature compared with the ternary phase. The temperature shift can be addressed by the grade of substitution and by the choice of the elements [13, 15, 16] . Systematic investigations of physical properties were started right after the mentioned phase transition.
The thermopower measurements of Ag 5 Te 1.8 Se 0.2 Cl and Ag 5 Te 1.6 Se 0.4 Cl show minimum values at the low end of the applied temperature range around 300 K in both cases (Fig. 3) . A thermopower minimum plateau for Ag 5 Te 1.8 Se 0.2 Cl emerges right after the order/disorder phase transition, and thereafter the value Fig. 3 . Measured thermopower S in μV K −1 (left axis) and thermal diffusivity a in mm 2 s −1 (right axis) in the temperature range of 300 -500 K. The minimum of the thermal diffusivity is near the β -α phase transition of Ag 5 [17] .
In summary, the results of the thermopower measurements and the thermal diffusivities are comparable to the properties of Ag 5 Te 2 Cl [11] .
The appearance of attractive interactions in In 4 Se 3−δ (Peierls-distorted In chain) [4] , Ag 10 Te 4 Br 3 (Peierls-distorted Te chain) [5] and Ag 5 Te 2 Cl (d 10 -d 10 interaction) [11] has a significant influence on the physical properties. A modulation of the electronic structure can be achieved based on these low-dimensional interactions which do significantly influence the thermopower and the thermal diffusivity of these materials [12, 18] . A strong influence on the electronic structure and the thermopower originating from a Peierls-distorted situation has also been postulated for lead chalcogenides (PbQ with Q = S, Se, Te) under high-pressure conditions [19] . Fig. 4 . The expected linear relationship between the temperature and the lattice parameters is present above a temperature of 305 K. Below this temperature an anomaly is observed (negative thermal expansion), which is also assigned to attractive bonding interaction (Fig. 4) . This phenomenon was also demonstrated for the ternary counterpart Ag 5 Te 2 Cl [11] . A negative thermal expansion coefficient was located in supercooled liquid tellurium, which could be related to the accruement of a Peierls-distorted arrangement of Te chains [20] . In the comparable quasi-molten situation of the silver substructure in Ag 5 Te 2 Cl the formation of attractive interactions can be expected in the same way as for the liquid Te phase [11] . The small standard deviations for each value suggest a limited trend of the lattice parameters ( Table 1) . Details of the structure determinations and selected crystallographic data are given in Tables 2 to 12 Fig. 2 . Ag-Ag distances between 2.9 and 3.2Å cover the usual range of silver compounds featuring d 10 -d 10 interactions [21] . In order to substantiate the attractive silver interactions according to the two mechanisms, the Ag-Ag distance was examined in temperature dependent single-crystal structure determinations. The silver arrangement within the strands in α-Ag 5 Te 2 Cl was determined by a non-harmonic description of the silver displacements and a subsequent detailed probability density function (pdf ) analysis. The mode positions (suffix m added), representing the maxima of Table 1 . Crystallographic data derived from temperaturedependent single-crystal X-ray diffraction experiments of Ag 5 Te 1.6 Se 0.4 Cl (α-phase, tetragonal, I4/mcm) between 283 and 350 K. Each set of lattice parameters is derived from a complete single-crystal data set. The errors of temperature are estimated to be ±0.2 K.
9.6834(6) 7.7407 (5) 725.84 (8) 295 9.6858 (7) 7.7555(6) 726.66(9) 300 9.6872 (7) 7.7499(6) 727.26 (9) 305 9.6871 (7) 7.7496(6) 727.22 (9) 310 9.6886 (7) 7.7530(6) 727.77 (9) electron density and therefore the highest probability to find an ion in the respective area, were taken into account to discuss Ag-Ag distances in more detail. The evolution of the Ag m-Ag m distances based on these mode positions is shown in Fig. 6 for the temperature range 289 -350 K. A significant decrease of the Ag-Ag distances is detected for both postulated mechanisms in the helical (Ag1m-Ag2m and Ag2m-Ag3m) and the linear (Ag4m-Ag4m) model. Table 6 . Atomic coordinates, occupancy factors (sof ) and isotropic displacement parameters U eq (Å 2 ) of α-Ag 5 Te 1.6 Se 0.4 Cl at 295 K. Standard deviations are given in parentheses. The mode positions (mode pos., suffix m) were calculated from the PDF and represent the maxima of electron density for the position concerned. It represents the highest probability to find a silver ion in the respective area.
interactions. The most probable unit, taking into account the occupancy factors between 0.36 and 0.16 for each silver position in Ag 5 Te 1.6 Se 0.4 Cl, is that with the alignment of simple ion pairs within the helical pathway (Tables 5 -12) . After a detailed analysis of the silver distribution, the smallest Ag m-Ag m distance of approx. 2.7Å and therefore the most probable domain of interactions were found in the helical subunit. Analogous to the evolution of attractive interactions within the silver substructure in Ag 5 Table 10 . Atomic coordinates, occupancy factors (sof ) and isotropic displacement parameters U eq (Å 2 ) of α-Ag 5 Te 1.6 Se 0.4 Cl at 320 K. Standard deviations are given in parentheses. The mode positions (mode pos., suffix m) were calculated from the PDF and represent the maxima of electron density for the position concerned. It represents the highest probability to find a silver ion in the respective area.
along the helical silver subunit the Ag2m-Ag3m distance drops significantly with increasing temperature to a minimum value of 2.7Å at 320 K. Around this temperature the thermopower stays on a minimum plateau (Fig. 3) . Therefore, the origin of the thermopower behavior is most likely to be found in the Table 11 . Atomic coordinates, occupancy factors (sof ) and isotropic displacement parameters U eq (Å 2 ) of α- 
Conclusion
In Ag 5 Te 1.6 Se 0.4 Cl attractive d 10 -d 10 interactions have been identified at higher temperatures close after the β -α phase transition, resulting in significant effects on the thermopower and on the crystallographic parameters. It is highly probable that silver ion pair formation along a helical arrangement of silver sites is the origin of these modulations. The minimum value of the thermopower is reached at the point of the strongest interactions near the β -α phase transition, and it starts to rise upon further heating. The situation is more pronounced in the case of Ag 5 Te 1.8 Se 0.2 Cl where the lower grade of substitution has a stronger influence on the property modulations and the thermopower. , and AgCl (Alfa Aesar, 99.9 %). All starting materials were used without further purification [13] . The mixtures were sealed in evacuated silica ampoules, heated to 1173 K, held at this temperature for 3 h and quenched in an ice bath. After a homogenization step the mixtures were annealed at 613 K for 7 d for each run. The homogenization and annealing process was repeated twice in order to achieve phase purity of the samples. After homogenization steps the purity was checked by powder X-ray diffraction experiments. The compounds are lightand moisture-stable and can be stored and handled in air for several months.
Powder X-ray diffraction
Phase analyses were performed by powder X-ray diffraction measurements. The sample was characterized via Guinier powder patterns using CuK α1 radiation and α-quartz (a = 4.913Å and c = 5.405Å) as an internal standard at 298 K. The Guinier camera was operated with image plate technology, and read-out was achieved with a Fuji-film/BAS-1800 image plate system. The lattice parameters were re-fined from the powder data for phase-pure Ag 5 Temperature-dependent measurements were carried out using a Cryostream plus system (Oxford) with an accuracy of the absolute temperature of ±0.5 K and a temperature stability of ±0.1 K during the data collection. A numerical absorption correction [22] was performed independently for each data set based on an optimized crystal shape derived from the symmetry-equivalent reflections. The structure refinements [23] were based on the previously reported structure models for the β -and α-Ag 5 Te 2 Cl phase using nonharmonic displacement parameters up to the third order for the description of the silver ion distribution. All silver mode positions are derived from the maxima of electron density and are used for a discussion of the average silver ion distances within the silver substructure. A detailed procedure for the structure refinement of compounds featuring high ion mobility in the solid state is given elsewhere [14, 24] .
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www. 4 Cl were pressed to pellets of 6 mm in diameter and ca. 2 mm thickness reaching a value of > 98 % of the theoretical X-ray density. Independent measurements were performed for a pellet covering the temperature range of 300 to 500 K. The thermal diffusivity was measured by a commercial Netzsch Laser Microflash apparatus in a SiC sample holder under Ar atmosphere. The average values of five independent measurements were calculated for each data point in the temperature range of 300 to 500 K. The thermal diffusivity was derived from the raw data using the Proteus software package.
Thermal diffusivity

Thermopower
Ag 5 Te 1.8 Se 0.2 Cl and Ag 5 Te 1.6 Se 0.4 Cl pellets used for the measurements of thermal diffusivity (6 mm diameter and ca. 2 mm thickness) were transferred to a homemade thermopower machine, and data were determined in the temperature range of 300 -500 K. The thermopower measurements were carried out using a dynamic method (constant heating during the measurement, detection of the cell voltage versus time; accuracy of the thermopower within ±1 %), suitable for high-resistivity samples as well as metals featuring a thermopower lower than 10 μV K −1 . Details of the measuring cell and the measurement technique are described elsewhere [25] .
EDX analyses
Semi-quantitative analysis of the sample was performed using a Leica 420i scanning electron microscope (Zeiss) fitted with an electron dispersive detector unit (Oxford). Silver, selenium, HgTe (Te), KBr (Br), KCl (Cl), and FeS 2 (S) were used as standards for calibration. A voltage of 20 kV was applied to the samples. The postulated composition was substantiated within the standard deviations of the method.
Differential scanning calorimetry (DSC)
DSC measurement was performed with a Netzsch differential scanning calorimeter DSC 204 at heating and cooling rates of 10 K min −1 in the temperature range between 150 and 625 K. Mercury, indium, tin, bismuth, zinc, and cesium chloride were used for temperature calibration. All samples were measured under a constant nitrogen flow of 50 mL min −1 in sealed aluminum crucibles. Acknowledgement T. N. thanks the University of Bordeaux for the invitation as a Guest Professor and for the possibility to perform parts of this work. This work is financed by the DFG (NI 1095/3-1).
